graphene, [2] graphic-C 3 N 4 , [3] MoS 2 , [4] and phosphorene, [5] display several advantages, such as photostability and low toxicity in par with the conventional organic fluorophores and semiconductor QDs. [6] Given their novel optical and electronic properties, 2D material-derived QDs have widespread applications in bioimaging, [7] photodynamic therapy, [8] photo-/electrocatalysis, [9] photodetection, [10] and sensing. [11] Black phosphorus QDs (BPQDs) or phosphorene QDs possess unique features, such as broadband absorption [5, 13] and photoluminescence in the violet-green [14] and near-infrared (NIR) [15] regions, owing to the special washboard-like layered structure combined with the tunable bandgap (0.3-2.0 eV) of phosphorene. [12] However, BPQDs are subjected to environmental degradation, similar to that of phosphorene. [16] This issue severely hinders the efficiency and controllability of BPQDs when employed for cancer treatment, [17, 18] energy devices, [19] and ultrafast photonics. [20] Consequently, a stabilization strategy is urgently required for BPQDs.
Introduction
Quantum dots (QDs) have been attracting increasing interest owing to their small size-induced quantum confinement and edge effects. [1] QDs derived from 2D materials, including Semi-empirical tight-binding simulations have shown that BPQDs possess size-, defect-, and external field-controlled edge trap states in the energy gap regardless of their shape and edge morphology. [25] Trap states assist carrier recombination and block electronic interlevel transitions, and thus exert profound effects on the optoelectronics of QDs. [26] However, recent density functional theory (DFT) studies have revealed that defective QDs have crucial electronic tolerance to their structural defects, and the trap states of defective QDs can be effectively modulated to preserve their essential electronic and optical properties. [27] In particular, the trap states of defective BPQDs can be eliminated depending on the coordination number (CN) of P atoms, [28] offering a broad space to fine-tune the superior optoelectronics and clarify the luminescence mechanisms of BPQDs. Consequently, exploring the electronic tolerance of BPQDs and modulating their trap states through fluorination are important. In this contribution, F-BPQDs are fabricated by using the as-proposed EESF method at different electrolyte concentrations (C E ). The ambient stability of F-BPQDs is also revealed. The effect of fluorination degree (D F ) on the structural and electronic properties of F-BPQDs is investigated by DFT.
Results and Discussion

Synthesis and Ambient Stability of F-BPQDs
Synthesis of F-BPQDs is schematically shown in Figure 1a . During the EESF, the 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM] [BF 4 ])/acetonitrile (MeCN) electrolyte used was discolored from transparent to light yellow because of the generation of bulk BP exfoliates. [29] However, the standing electrolyte persisted to develop a deep yellow color after EESF, suggesting that the color reaction of MeCN with F − occurred in the electrolyte [30] CH CN HF CH CN   3  2  2 (1) Therefore, the electrolysis of − BF 4 to F − in EESF can be deduced according to the following reaction [31] →
where the BF 3 molecules can also be trapped by MeCN to form donor-acceptor bonds, [32] and the reaction was expected to be activated by the applied anodic voltage of +8 V versus Ag wire. Therefore, the one-pot exfoliates of BP were synchronously fluorinated by − BF 4 -electrolyzed F − anions. The F-BPQDs were then separated from the fluorinated exfoliates by centrifugation at 15 000 rpm.
The atomic force microscopy (AFM) image of the F-BPQDs synthesized by the 0.1 m [EMIM] [BF 4 ]/MeCN electrolyte is shown in Figure 1b . The F-BPQDs show high selectivity and uniform morphology. No agglomeration of the nanodots is observed, suggesting good dispersion in the solvent. The height profiles of several F-BPQDs (plotted in Figure 1c ) demonstrate that the thickness ranges from 1.2 to 3.5 nm, corresponding to 2-7 atomic layers. Statistical AFM analysis (Figure 1d Figure 1f . The figure shows that one F-BPQD (left panel) has a single crystalline feature but with slightly distorted atomistic texture, which is probably generated in the fluorination processes. The other (right panel) figure shows evident lattice dislocation as indicated by the white dashed line. The measured lattice distances of the nanocrystals are 1.86, 2.61, and 2.26 Å, which are close to the (121), (004), and (014) interplane distances of bulk BP, respectively. [33] The Raman spectrum of the F-BPQDs is shown in Figure 1g . The phosphorous A g 1 , B 2g , and A g 2 phonon modes located at 362.5, 438.7, and 467.5 cm −1 , respectively, red-shifted as compared with the bulk BP, which is similar to that observed in FP. [23] However, these modes were significantly suppressed by the fluorination-induced structural changes, similar to the case of fluorinated graphene. [34] In addition, a weak broad band ranging from 800 to 910 cm −1 appeared and peaked at ≈868 cm −1 . This peak has been assigned to the F-P-F stretching vibrations in fluorophosphate glasses [35] and PCl 2 F 3 molecules. [36] Thus, similar PF 2 -containing configurations can be deduced in the F-BPQDs. As C E increased, the synthesized F-BPQDs exhibited increased Raman vibration suppression ( Figure S1 , Supporting Information), suggesting increased D F . The optical absorption spectrum of F-BPQD/MeCN dispersion is shown in Figure 1h . In contrast to the pure BPQDs that exhibited smoothly increasing absorption from the NIR to UV region, [5b,17] F-BPQDs demonstrated distinct absorption shoulders at 430 and 340 nm. Similar peaks have been previously predicted by DFT calculations on the absorption spectra of pure BPQDs, which exhibited two prominent visible-UV peaks ascribed to the electron excitation transitions from the optimized ground state to the first excited singlet state. [28a] The two peaks were different from the layer-dependent absorption peaks of the few-layer phosphorene [37] and FP [23] at the NIR region. The white dashed line in Figure 1h yielded a band edge of the first absorption peak at ≈565 nm.
The environmental stability of F-BPQDs was further evaluated because the instability of BPQDs and phosphorene is a serious issue hindering their practical applications. Timedependent AFM images of the F-BPQDs synthesized in 0. Figure 2a . During the persistent ambient exposure for 0.5, 2, 4, and 7 d, the pristine F-BPQDs dispersed on the Si substrate exhibited no significant degradation features, such as bubbling and depletion of atomic layers, which had been observed in BPQDs and phosphorene. [16, 17] The height profiles of the two recorded F-BPQDs confirmed the morphological integrity during the exposure period. Therefore, the resulting F-BPQDs exhibit robust environmental stability. The robust ambient stability was also confirmed by the absorption spectra of the F-BPQD dispersion (Figure 2b ), which showed that the absorbance decreased slightly during the 7 d of standing. As shown in the inset of Figure 2b , the absorbance intensity at 425 nm decreased by 13.8%, which did not significantly change the optics of the F-BPQDs. By contrast, the time-dependent AFM images of the control sample BPQDs ( Figure S2 in Supporting Information) show that the BPQDs degraded rapidly and eventually disappeared during the ambient exposure for 12 h. The stabilization mechanism of F-BPQDs in air is illustrated in Figure 2c . Our DFT calculations [23] on the Bader charge distribution of FP showed that the highly electronegative fluorine adatoms attracted electrons from the P atoms and formed a strong PF bond. When the O 2 and H 2 O molecules approached the F-BPQD surface, no significant charge was found in the fluorinated P atoms to transfer to the O atoms, i.e., the charge transfer pathway between the P and O atoms was blocked. As a result, the general degradation processes of phosphorene, [16] including oxidation and subsequent formation of phosphoric and phosphorus acids, did not occur. Subsequently, O 2 and H 2 O were not decomposed and were repelled from the F-BPQD surface, endowing F-BPQDs with antioxidation and antihydration properties.
Effect of D F on the Structural and Electronic Properties of F-BPQDs
D F is a key factor that determines the properties of fluorides. Herein, D F (or fluorine concentration) is defined as the atomic F/P ratio in QDs. X-ray photoelectron spectroscopy (XPS), a feasible approach for quantitative composition analysis, has been used to determine the D F of fluorinated graphene.
[38] The F 1s and P 2p XPS spectra of the F-BPQDs synthesized in 0.05, 0.1, 0.2, 0.5, and 1.0 m [EMIM] [BF 4 ]/MeCN electrolyte are shown in Figure 3 . The peak information in the XPS spectra is summarized in Table S1 (Supporting Information). In general, Figure 3a -e shows that the F 1s peak intensity increased as C E increased, suggesting that the PF bond formation and D F of the F-BPQDs increased. The F 1s peak was shifted to higher binding energies as C E increased, from 687.5 eV for 0.05 m to 688.5 eV for 1.0 m, indicating the transformation of PF x (0 < x ≤ 3) species to those with larger x values for the F-BPQDs, [39] especially to PF 2 and PF 3 . The P 2p XPS spectra of the F-BPQDs were consistent with the P 2p 3/2 and 2p 1/2 doublets belonging to the unfluorinated and fluorinated parts of F-BPQDs. In general, mono-, bi-, and trifluorinated P sites are present in the surfaces and edges of an F-BPQD according to the degree of bond saturation of P atoms, as schematically shown in Figure S3 (Supporting Information). At C E = 0.05 m, the P 2p spectrum was deconvoluted with a small binding-energy fluorinated doublet located at 131.0 and 131.9 eV and a large unfluorinated doublet at 129.9 and 130.6 eV. Thus, the F-BPQDs may have a small portion of monofluorinated P sites in the surfaces and armchair edges, considering the DFTcalculated core-level binding energy shifts of FP [23] and previous XPS measurements on PF-containing species. [40] The portion and binding energy position of the fluorinated doublet increased and shifted to 132.0-133.1 eV as C E increased to 0.1 and 0.2 m, indicating the increased D F as well as the formation of monofluorinated P sites in the zigzag edges and bi-fluorinated P sites on the surfaces and armchair edges. [23,39b,40] The bifluorinated P sites may be transformed from the monofluorinated P sites by adsorption of another F atom. Another fluorinated P 2p doublet appeared at higher binding energies of 134.4 to 136.0 eV for the F-BPQDs synthesized at C E = 0.5 and 1.0 m, which corresponded to the bifluorinated P sites in the zigzag edges and tri-fluorinated P sites in the zigzag and armchair edges. [23] The lower fluorinated doublet was weakened, suggesting the transformation of mono-and bifluorinated sites to higher fluorinated sites. These results reveal the important modulation effect of C E on D F and the atomistic fluorination configurations of the synthesized F-BPQDs.
The P 2p spectra merely demonstrated a qualitative variation trend of D F for the F-BPQDs synthesized at different C E values because the excitation probability of the core electrons of the fluorinated and unfluorinated P atoms is different, and the area ratios of the fitted fluorinated and unfluorinated peaks have large deviations with D F . As shown in Figure 3a -e, the D F values were 0.14, 0.38, 0.54, 0.64, and 0.68 for C E = 0.05, 0.1, 0.2, 0.5, and 1.0 m, respectively. D F increased rapidly at small C E values because abundant unfluorinated sites of the electrochemically exfoliated BPQDs were present for fluorination. D F slightly increased as C E was increased and, eventually, reached the maximal fluorination capability at 1.0 m. The nominal bondsaturated BPQDs (with each surficial P atom bonded with two F atoms and each edge atom with three F atoms) would reach a maximal nonstoichiometric D F of >2.0; thus, the measured maximal D F of 0.68 suggested a small fluorination capability of the F-BPQDs.
We further calculated the structural stability of F-BPQDs with different D F s to explain the unexpected fluorination capability of the F-BPQDs. The primitive F-BPQD models were named as P 84 characteristics of F adatoms on F-BPQDs were initially investigated by DFT, and the results are shown in Figures S4 and S5 (Supporting Information). According to the adsorption rules illustrated in Figures S4 and S5 (Supporting Information), five F-BPQD atomic structures, i.e., P 84 F 12 , P 84 F 24 , P 84 F 40 , P 84 F 48 , P 84 F 64 , and P 84 F 74 with D F = 0.14, 0.29, 0.48, 0.57, 0.76, and 0.88, respectively, were selected and fully optimized. As shown in Figure 4 , for P 84 F 12 with half of the edge atoms being monofluorinated, the relaxed configuration showed slight deformation, and the F atoms were firmly bonded. When the edge atoms were fully monofluorinated, the structural deformation of P 84 F 24 became evident and a weak PP bond was broken in the edge corner. However, the structural integrity was well preserved. The P 84 F 40 F-BPQD monofluorinated in the edge and surface exhibited severe deformation. Notably, each surface mono-fluorination site caused PP bond breaking to maintain the CN of 3, which conferred the porous feature of P 84 F 40 . However, excess surface monofluorination sites may cause segmentation of the F-BPQDs, due to the theoretically predicted chemical scissor effect. [41] The relaxed P 84 F 48 with fully bifluorinated edge sites exhibited dramatic edge evolutions. All the PP bonds in the armchair edge were broken to maintain a CN of 3, whereas the zigzag edge bifluorination sites seemed to be more stable and exhibited comparatively less bond breakage. When the surface was also bifluorinated to reach a D F of 0.57, for P 84 F 64 , the entire phosphorus network was evidently distorted. From the side view, P 84 F 64 was bent against the fluorinated surface as a result of the drag of the superficial electronegative F adatoms, explaining the nearly spherical shape of the F-BPQDs. However, contrary to the monofluorination sites that easily caused bond cleavage, the surface bifluorination sites hardly caused bond breakage and maintained the sites with a CN of 5. When the number of surface bifluorination sites increased, the assumed P 84 F 74 F-BPQD became unstable. In addition to the severe damage of the structure, several bifluorinated edge P atoms departed from the network to decrease D F , forming individual PF 2 radicals. However, no PF 2 was formed from the surface bi-fluorination sites. This result suggests that the fluorinationinduced decomposition of F-BPQDs occurred in the edge etching process to gradually reduce their lateral size. The surface bifluorination sites had a proportion of 0.72 in the surface sites (13 in 18), suggesting that only partial surface bifluorination was allowed for the F-BPQDs. Evidently, the edge collapse of P 84 F 74 resulted from the combined effect of edge and surface fluorination, whereas the minority surface fluorination had a profound contribution. The results confirmed that the F-BPQDs had a relatively small fluorination capability with a theoretical D F limit of ≈0.76. The predicted D F limit was slightly larger than the experimental value of 0.68 because the synthesized F-BPQDs had a large size with a small portion of edge F adatoms that can be fully bifluorinated. The structural decomposition became increasingly significant as D 4 ]/MeCN electrolyte. The F 1s spectra are multiplied by the indicated scaling factors. The F 1s spectra are deconvoluted with a singlet. The P 2p spectra are deconvoluted with two or three P 2p 3/2 and 2p 1/2 doublets belonging to the unfluorinated (P-P) and fluorinated (P-F) parts of F-BPQDs. D F of each sample is also presented.
was increased. The results of P 84 F 72 , P 84 F 108 , P 84 F 140 , P 84 F 168 , and P 84 F 192 are shown in Figure S6 (Supporting Information). The nominal bond-saturated P 84 F 192 was relaxed to separate into small radicals and molecular chains, including PF 2 , PF 3 , P 2 F 4 , P 2 F 5 , P 3 F 7 , and P 4 F 12 . Moreover, the F-BPQDs with fully tri-fluorinated edge sites (P 84 F 72 ) were thermodynamically unstable; the zigzag edge was stable, but the armchair edge was etched to form PF 3 species ( Figure S6 , Supporting Information).
The dependence of the electronic properties of F-BPQDs on D F was further explored. The DFT-calculated electronic total density of states (TDOS) and orbital-projected partial DOS (PDOS) of the optimized P 84 F 12 , P 84 F 24 , P 84 F 40 , P 84 F 48 , and P 84 F 64 are shown in Figure 5 . The energy spectra of these F-BPQDs are shown in Figure S7 (Supporting Information). From TDOS and PDOS of Figure 5 , the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of these F-BPQDs near the Fermi level (E F , set to zero) were mainly derived from the p orbitals of the P or F atoms, whereas the 3s and 3d orbitals of the P atoms had minor contributions. The sp 3 d hybridization-induced 3s-3d electron transitions were confirmed. For P 84 F 12 , four evident TDOS peaks (denoted by the dashed rectangle) appeared in the electronic gap; these peaks were well separated from the nearby collective states and belonged to the deep trap states. From the energy spectrum of P 84 F 12 ( Figure S7 , Supporting Information), the trap states consisted of HOMO-1, HOMO, LUMO, LUMO+1, and LUMO+2 energy levels. As shown in the inset of the DOS panel of P 84 F 12 , the HOMO and LUMO wave functions were mainly concentrated in the unfluorinated edge P atoms with CN = 2, suggesting that these trap states were induced by edge bonding configurations but not by fluorination. The deep edge trap states, which were essentially localized, would have profound influence on the photoabsorption and emission of F-BPQDs. For P 84 F 24 with each edge P atom bonded with an F atom to have a CN of 3, the trap states were completely eliminated from the energy gap, indicating the absence of electron trapping near E F . The HOMO and LUMO chargedensity regions migrated to the fluorinated edge P atoms as well as to the interior region of the F-BPQD. Therefore, F-BPQDs possess electronic tolerance to fluorination-induced defects. The case of P 84 F 40 was similar to that of P 84 F 24 , given that the monofluorinated edge and surface P atoms of P 84 F 40 had a CN of 3. However, relatively shallow trap states appeared for P 84 F 48 with each edge P atom bifluorinated to obtain a CN of 4, and the HOMO and LUMO charge-density regions returned to the edge. The trap states were eliminated again in the even more defective P 84 F 64 . In-depth structural analysis showed that each bi-fluorinated edge and surface P atom in P 84 F 64 had a CN of 3 and 5, respectively. Thus, in addition to the CN = 3 rule, [28] the F-BPQDs with CN = 5 also had the defect-tolerance to exclude trap states. The energy spectrum of P 84 F 64 ( Figure S7 , Supporting Information) provided a HOMO-LUMO gap of 1.28 eV, in accordance with the NIR absorption of F-BPQDs shown in Figures 1h and 2b . The defect-tolerance of P 84 F 24 , P 84 F 40 , and P 84 F 64 with CN = 3 or 5 for P atoms may be ascribed to the overall electronic stoichiometry of the F-BPQDs as observed in other QDs. [27b] The calculated results suggest that the trap states of F-BPQDs can be effectively eliminated by D F for electronic and optoelectronic applications.
Conclusion
Highly selective F-BPQDs with an average size of 5.0 ± 2.0 nm and an average thickness of 2.0 ± 1.2 nm were synthesized by using a one-step EESF method. The F-BPQDs were experimentally found to possess robust ambient-stability owing to the fluorine adatom-induced blocking of the charge transfer pathway from the P atoms to the external oxygen. The D F of the F-BPQDs increased with the increase in C E . In particular, the F-BPQDs may be subjected to etching of fluorine adatoms and thus exhibited limited fluorination capability of reaching a maximal increased, the assumed F-BPQDs were subjected to microstructural deformation, edge collapse, and eventually decomposition to small PF species. Furthermore, the trapping states of F-BPQDs can be modulated by fluorine defects-controlled CN of the edge and surface P atoms, for which a CN of 3 or 5 is a prerequisite to eliminate the trapping states and preserve the electronic tolerance. The results reveal that fluorination is an effective pathway not only for enhancing the environmental 
